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Multifragmentation MF results fromA GeV Au on C have been compared with the Copenhagen statistical
multifragmentation mode(SMM). The complete charge, mass, and momentum reconstruction of the Au
projectile was used to identify high momentum ejectiles leaving an excited remnant ofAmasargeZ, and
excitation energyE* which subsequently multifragments. Measurement of the magnitude and multiplicity
(energy dependence of the initial free volume and the breakup volume determines the variable volume
parametrization of SMM. Very good agreement is obtained using SMM with the standard values of the SMM
parameters. A large number of observables, including the fragment charge yield distributions, fragment mul-
tiplicity distributions, caloric curve, critical exponents, and the critical scaling function are explored in this
comparison. The two stage structure of SMM is used to determine the effect of cooling of the primary hot
fragments. Average fragment yields wite=3 are essentially unaffected when the excitation energss
MeV/nucleon. SMM studies suggest that the experimental critical exponents are largely unaffected by cooling
and event mixing. The nature of the phase transition in SMM is studied as a function of the remnant mass and
charge using the microcanonical equation of state. For light remnast$00, backbending is observed
indicating negative specific heat, while =170 the effective latent heat approaches zero. Thus for heavier
systems this transition can be identified as a continuous thermal phase transition where a large nucleus breaks
up into a number of smaller nuclei with only a minimal release of constituent nucl&sng. particles are
primarily emitted in the initial collision and after MF in the fragment deexcitation process.
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I. INTRODUCTION gas” thermal phase transition in charged nuclear magg}.
Important support for this view came from the exclusive

Multllfragment.atlon(MF) Is the do-m|r.1ant decay ’.“Ode " emulsion data of Waddington and Fre{@8], which were
heavy ion reactions when the excitation energy is compa:

rable to the nuclear binding energy. The recent use mf 4 analyzed by Campi to show that the conditional moments of

. . . the individual fragment events exhibited features character-
detectors capable of observing a substantial fraction of the o .

i . i ) i . Istic of a critical transition29,30. The occurrence of ther-
particles and fragments emitted in a given interaction has

been invaluable in furthering the elucidation of this complexrnal equilibrium in the MF process was strongly supported

henomenofil—6]. Several review articles of MF have been by the experiments of the ALADIN Collaboration, which
phen o1 —0]. Seve eso €eN showed that fragment yields were independent of the en-
published in recent yeafg—9|.

. trance channel when the data was scaled for projectile or

One of the most complete MF experiments to date ha?arget mas$1,31].
been that performed by the EOS collaboration for tHéu The above cited evidence for the formation of a substan-
on C systenj10-17. The use of seamless detectors such agja|ly equilibrated remnant which expands prior to MF sug-
the EOS time projection chamber coupled with the multiplegests that it would be appropriate to compare the EOS results
sampling ionization chambeMUSIC II) permitted the ob-  wjith a thermal model in which MF occurs from an expanded
servation of practically all the charged particles and fragstate. Two widely used thermal multifragmentation models
ments emitted in each event, ranging from protons to heavyre the CopenhageisMM) [32] and Berlin(MMMC) [33]
fragments. Full reconstruction was therefore possible for atatistical treatments. These models differ in their parametri-
large fraction of the events. The high energy asymmetrization of the expansion and in technical details but are simi-
collision of a 1A GeV projectile on a light target is uniquely lar in their thermodynamic approach. For very small systems
favorable for the kinematic separation of the initial nuclearboth these microcanonical models predict the onset of a very
collision and the subsequent MF transition. This data set peinhomogeneous state at a definite excitation energy. This in-
mitted us to establish that MF occurs following the expan-homogeneous excited state consists of a number of normal
sion of a remnant formed with charge massA, and exci- density fragments accompanied by a statistically insignifi-
tation energy E* after the prompt ejection of high cant number of nucleons. Subsequently these fragments cool
momentum light particle$11,13. We have applied model by light particle emission. We present here a comparison of
independent methods used in the study of critical phenomerthe EOS data with SMM. Several data and model compari-
to extract the value of several critical expondit8,12. The  sons have been made previou$B4A—42. These compari-
critical scaling function, which describes the behavior of thesons seriously suffered from the fact that the experiments did
nuclear remnant near a critical point, was determiried. In not determine th&, A, andE* of the remnant. Instead, these
performing this analysis we were aided by percolation calcuZ,A,E* values, which constitute the proper input to test
lations[18,19), which served as a quantitative guide to themodels of MF, were obtained either by use of a dynamical
application of the methods developed for the study of criticafirst stage model34,36, by using a comparison of some of
exponents in small systems. the data with SMM to constrain thef35,37,39—41, or by

The EOS experiment was an outgrowth of earlier inclu-more complex backtracing from fragment dd&8,42. A
sive studies of MF in the interaction of Xe and Kr with great advantage afforded by asymmetric reverse kinematics
high-energy protong20-26. In this work high precision collisions is that they permit an accurate separation of the
counter techniques were used to obtain accurate informatioinitial reaction phase from the subsequent decay of the ex-
about the kinetic energy spectra @fotopically resolved cited remnant.
nuclear fragments. The reduced Coulomb barrier seen in the The use of SMM also permits us to examine several as-
fragment spectra indicated that nuclear fragments are emittgeects of the EOS critical exponent analysis that are poten-
from an expanded nuclear system. Systematics of the fragially problematic. The EOS results were obtained for frag-
ment kinetic energy spectra also showed that the remnamhents in their final, cold state. However, the fragments are
was lighter than the target nucleus implying tki@¢ nuclear presumably formed in an expanded hot state. In SMM the
remnant existed for a timafter the initial collision. The rela- remnant is equilibrated, the fragments are formed in the hot
tive fragment yields of 63 isotopes could be understood ussystem, then separate under the influence of the Coulomb
ing a thermal droplet mod¢R7] with a free energy param- force and undergo deexcitation. As has been noted elsewhere
etrization based on the semiempirical mass formula. Fof41], the distribution of the hot, primary fragments may be
energy depositions of~8 MeV per nucleon this multi- affected by secondary decay. The difference between the two
isotope thermometer gave a freeze-out temperature-®f distributions could, in principle, affect the values of the criti-
MeV. The systematic variation of the “kinetic temperature” cal exponents. Since SMM gives separate results for hot and
(exponential slope parameter extracted from fragment kineticold fragments, the effects of secondary decay can be
energy spectpaas a function of the fragment mass also indi- probed.
cated that Fermi momentum in the remnant must play a sig- The EOS results indicate that the first prompt step leads to
nificant role in the fragment formation process. a distribution of remnants. The analysis groups these rem-

More speculative was the suggestion that the power lamants according to the total charged particle multipliaity,
yield of the fragment masseé=A"" with 7~2.6 observed which serves as the control parameter. Events characterized
in 50—400 GeW on Xe collisions showed that nuclear frag- by a given multiplicity will generally include a range of rem-
mentation might give information about a possible “liquid- nantZ,A,E* values. It has been noted that such event mix-
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ing can affect the values of the critical exponef#8]. Fur- 1000 —— —— ——
thermore, the use of multiplicity instead of temperature or
excitation energy as the control parameter has been que
tioned[44,45. Comparison of SMM results obtained for the
experimental distribution of remnants with those obtained fot
a single remnant permits us to probe the importance of thes  5gq
effects. -
This paper is organized in the following manner. Section™
Il gives a brief summary of SMM and shows how the data 250
determine the variable volume of SMM. Only a single ad-
justable parameter remains. Section Il summarizes the prog ,
. . T . 4000 e
erties of the experimental remnant distribution, which serve: o o p-n Correlati
as the input data to SMM. The occurrence of radial expan L ° % p-p Lorrelation
sion energy as part of the excitation energy is discussed i L © ° SMM .
this section. The comparison between experimental an 3000 - ° B
model results is presented in Sec. IV. The various factors the r ° g
can affect the fragment yields, the extraction of critical ex- °
ponents, and the critical multiplicity are considered in Sec. V.;x° 2000
In Sec. VI, the physics of MF and the nature of the thermal B ° ]
phase transition in SMM as a function of the remnant mas: L
and charge is explored. The identification of the order of & -
thermal phase transition for the MF of Au on C requires the = 1000 j——————— ——t————————,
use of the microcanonical equation of state. A summary o Multiplicity
the results and our conclusions are given in Sec. VII.

.
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S
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FIG. 1. (a) SMM free volume[Eg. (2)] and the experimental
initial free volume[Eg. (4)] for the MF region.(b) SMM breakup
volume and the experimental freezeout volume frpap correla-

SMM is a statistical description of the simultaneoustions. The variation inV, is due to the decrease of the remnant
breakup of an expanded excited nucleus into nucleons andass. The remnant does not expand in compound nucleus events
hot fragmentg32]. Individual fragments at normal nuclear Which occur at low multiplicity.
density are described with a charged liquid drop parametri-
zation. The free energy of a fragmekiZ(Z=3) is given by ~WhereRy=1.17A5°fm andM is thecharged plus neutrathot

fragment multiplicity. The crack width parametet, scales
- the magnitude of the multiplicity dependent free volume.
Faz=Feanst Pt Fourt Eoymit Feou W The breakup volumé&/,,, which includes the volume of the
fragments, isVy=(1+ k)V,em, Wherex is the Coulomb re-
'guction parameter32].

We have previously shown that energy deposition in the

Au on C reaction is proportional to nucleons knocked out of
e Au nucleus by quasielastic nucleon-nucleon scattering

3]. If we assume that the excited remnant initially is pro-
& gced in the Au volume, then the experimentally determined
dmtial free volumeis given by

Il. THE SMM MODEL

and is used to determine the fragment formation probabilit
This solution explicitly assumes the inhomogeneous natur
of the hot MF final state. Light fragmen®<3 may also be
present in the hot MF final state. For tAe=3 fragments, a
guantum mechanical description is used for the temperatu
dependent volume, surface, and translational free energy
the fragments. The temperature independent parameters
based on the coefficients of the semiempirical mass formul
The critical temperature, at which the surface tension of neu- i _

tral nuclear matter droplets would go to zero, is in the range Vi=Vau(Aau— Arem/Any (4)

suggested by infinite neutral nuclear matter calculatido and the remnant volume is given by
In SMM the translational free energy depends onftee

volume. The free volumeéY;, can be expressed in terms of Viem= Vau(Arem/ Aau) - 6)
the volume of the multifragmenting system at normal nuclear ) ) )
density,V,em Proton-proton correlation experiments for the multifragmen-

tation of 1A GeV Au on Au show that the freeze-out volume
is ~2V,,, nearly independent of excitation energy and rem-
nant mass and chargd7].

Figure 1a) shows the SMM free volum&;, and the
initial free volumeV} as a function of the multiplicity. As
expected, the SMM free volumé; is about twice the initial
3 free volume, consistent with the expansion fram, to
1+ i(Mlls_ 1)} -1, (3) 2V,,. Note that the slopes of thé; and V} versus multi-

Ro plicity curves track over the MF region.

Vi= XViem: 2

where the free volume parametgrdepends on the SMM
fragment multiplicity according to the relation

X:

054602-3



R. P. SCHARENBERGet al. PHYSICAL REVIEW C 64 054602

TABLE |. Parameters in the SMM free energy expression. 0.2
Fixed parameters 0.18 -

Wy Volume binding energy of cold nuclear matter 16 MeV 0.16 _
Bo Surface tension of the cold nucleus 18 MeV T
T. Neutral matter critical temperature 18 MeV 2o L
Ysym  Symmetry energy coefficient 25 MeV = L
d Crack width parameter 1.4 fm '%0.12 r
K Coulomb reduction parameter 2 § r
. . - L

Single adjustable parameter 0.1 +

€ Inverse level density parameter 16 MeV 0.08 -
_ 0.06 -
Figure Xb) compares the breakup volume i
0.04 |-

Vp=(1+)Viem= (1+ &) (Arem/ Aau) Vau (6) F

0.02 [

with the freeze-out volume from-p correlations as a func-
tion of the multiplicity. The breakup volum¥y tracks the 08;)- 00 '150' . ’1“‘0- : '1('50' . llzlso‘ : -2(')0'
freezeout volume from thp-p _correlatlor) experiments. The Remnant Mass
freeze out volume calculated in our earlier publicafib8] is
different as it was obtained using initial volume of Au FIG. 2. Mass distribution of the experimental remnant.
nucleus and not the remnant volume. Thus, experiment con- ) )
firms the structurgM dependendeand scale(crack width ~@nd a second stage involving the decay of the remnant left
parameter) of the volume parameterization of SMM for the after this stag¢13]. The analysis presented here is based on
1A GeV Au on C experiment. In addition to these experi-abOUt 32000 fully reconstructed MF events for which the
mental arguments, theoretical arguments based on gutptal charge of the reconstructed Au system was found to be
modeling of the nuclear collisiof48] also suggest that the 79+ 4. Average fragment mass values for a giv&rwere
expansion of the remnant is energy dependent. determined and used to reconstruct the MF final state mass
The remaining parameter i, the inverse level density A’ of the charged fragments. The number of free neutrons in
parameter. The, values were determined by comparison ofthe MF final state is used in the determination Bt by
SMM with the various experimental fragment yield distribu- €nergy balance. _
tions and it was found that,= 16 MeV. Thus the so-called Th.e remnant resulting from the prompt stage can be char-
standard values of all these parameters turn out to give thacterized byZ, A, andE*. We follow previous practice and
best agreement with the dat&ee Table ). report.E_* on a per nucleon basis. The determination of these
In SMM the primary fragments are propagated in theirguantities has been @s_cnb_ed in detail elsewhEsg Figure
mutual Coulomb field and then undergo secondary decay. I8 Shows the mass distribution of the remnants.
the model successive particle emission from hot fragments The most probable mass f~190. However, the distri-
with A>16 is assumed the deexcitation mechanism. The dedution is broad and extends downAe-100. TheE™ distri-
excitation of these fragments is treated by means of the stafpution is shown in Fig. @). The distribution peaks at-2
dard Weisskopf evaporation model. Light fragments ( MeV/nucleon but extends beyond 16 MeV/nucIe_on. _
<16) deexcite via Fermi breakup. The lightest particlas (It should be noted that the data were obtained with a
<4) can be formed only in their ground states and undergéMinimum bias trigger that eliminated some events with very
no secondary decay. We have used a version of the modiW E*. These events do not lead to MF. Figure 4 shows the
that incorporates only thermal degrees of freedom. Conset@riation of E* andA with the total charged particle multi-
quently, radial expansion or angular momentum are not inPlicity m. These quantities vary in the opposite way with

cluded in this comparison between data and SMM. with E* increasing withm, and A showing a concomitant
decrease. At a givem there is a distribution in the values of

A andE*. For a givenm, the width of the distribution irA
increases from-1% to ~13% while that of thee* distribu-
A. Properties of the remnant tion is ~25% over most of the multiplicity rangé 3].

Ill. THE INPUT DATA

The reverse kinematics EOS experiment permitted the
identification of charged projectile fragmentssZ<79 in
1A GeV ®Au on C interactions with high efficiency. The ~ We have previously shown that some of the excitation
momenta of these fragments were measured and used to deergy of the remnant actually consists of nonthermal expan-
compose the reaction into a prompt stage, in which higtsion energyE, [13,15. The model input energ¥; is ob-
momentumZ=1, Z=2 fragments and neutrons are emitted,tained by subtractings, from the excitation energy*.

B. The effect of nonthermal expansion
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_FIG. 3. Distributiqn of rem_nar_wts as a function @ total exci- FIG. 4. Dependence on total charged particle multiplicity of
tation energy andb) input excitation energy to SMM. some average properties of the experimental remnarté:mass,

- . .
Standard SMM does not include radial expansion and s p) total excitation energy &), nor_wthermql expansion energy
E,), and input energyK;). All energies are in MeV/nucleon.

only E; must be used in the input data. Figure 4 shows th
dependence oE, andE; on the multiplicitym. The expan- )
sion energy is very small fom=20 but then increases | general, the SMM transverse energies are smaller than

sharply, becoming comparable to the input energy for thdhe experimental values. The trend in the SMM values is the
largest observed multiplicityn~60. The spectrum ofF; result of two factors, both of which lead to a decrease in the

values is plotted in Fig. ®). The distribution peaks at translational kinetic energy with increasing multiplic-
slightly less than 2 MeV/nucleon and extends-t@0 MeV/

nucleon. e ‘
The expansion energy was obtained as the difference be- r ' .

tween the sum of the measured charged fragment mean ki- OF ° o . * T * o o - 1

netic energies and the translational thermal and Coulomb en- Lo o o 4 ° 4 .

ergies of the fragmen{s3,49. This procedure involves the ol L CSMMT  Be 1

use of the Albergo double isotope ratio thermomé&sl to ‘ L 1

determine thesotopic temperature J. This temperature de- —_ et ———— —

termines the translational thermal energy per particle, which % a0 ® . o ¢ I o o o o

is 3/2T,. As shown in the next section, SMM then indepen- E L ° g ° 5

dently predicts the observed double isotope ratio. This self- A | ° . o | °© o o |

consistency supports the validity of tEe determination and 2 oL B +~ ¢ -

permits a combined definitive test of the isotope ratio ther- v | l 1 T

mometerT, and SMM. i . 2 4 6
Additional independent evidence for the presence of ex- - ¢ o ©® - Multiplicity bin

pansion energy in the data can be seen in a comparison of the I °

mean transverse kinetic energies of fragments with the SMM - N o o 1

predictions[49]. Figure 5 shows the results for Li-N frag- 20 ° ]

ments for five multiplicity bins: 1-9, 10-19, 20-29, 30— TR R B

39, and .4(')—_59. Generally good agreement is obtained fpr 0 Mu%tiplicit;; bin 6

low multiplicities, as expected, because of the small contri-

bution of the radial expansion energy for small(see Fig. FIG. 5. Mean transverse kinetic energies of fragments as a func-

4). The SMM transverse kinetic energy values decrease witkion of nuclear charge. The muiltiplicity bins are 1-9, 10-19, 20—

increasingm. 29, 30-39, and 40-59, respectively.
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FIG. 7. Yield of fragments averaged over ailas a function of
FIG. 6. Variation of second stage multiplicity with input energy. fragment charge.

ity: (1) the increase in the volume occupied by the frag-stage, the SMM charged particle multiplicity is compared to
ments[32] and(2) the decrease in the average charge of thgpe experimental second stage multiplicity, . This quantity
f_ragments. In particular, see F|g. 11, which shows the variaig gptained fromm by subtracting event-by-event the prompt
tion of the c.alculated and gxperlmental charges of the largesfrst stage multiplicity,m; [13]. The calculated and experi-
fragment withm. SMM is in excellent agreement with €X- mentalm, distributions are in close agreement. Because of
periment indicating that the reason for the discrepancypnis agreement, SMM results will be plotted as a function of

shown in Fig. 5 does not lie in the determination of the i many subsequent comparisons with data. Heveill be
mutual Coulomb energy. Rather, the increasing contributionne sum of SMM m, and experimentain, values.

of nonthermal expgnsion to the experimen.tal. ener_gies domi- The fragment vield distributions offer the most direct
nates the change in Coulomb energy. A similar d'screpan‘:}fomparison between the data and SMM. Figure 7 shows the
has been observed when another data set was used to COfdimber ofZ=3—16 fragments per event averaged over all
pare SMM with the Berlin statistical modg83]. Here, t00,  tiplicities. Good agreement is obtained for nearly all the

the discrepancy was attributed to radial expansion energyagments and the overall trend of decreasing yield with in-

[15]. creasing charge is well reproduced. Both data and SMM
show that the yield of fluorine is suppressed relative to that
IV. COMPARISON OF EXPERIMENTAL DATA WITH of neighboring fragments. SMM indicates that this low yield
SMM reflects the influence of final state interactions on the primary
fragments.

A single SMM calculation was performed for each of the

. . The individual fragment yields are plotted as a function of
32000 EOS events. The input data consisted ofzth%& and = .
E; values of the remnants.pThe output of each SMM calcumn Figs. 8 and 9. SMM generally does an excellent job of

lation gives theZ and A values of each fragment in its reproducing the data except for the lightest fragments, where

asymptotic cold state. The distribution of these MF productstahef{ mO%EISRArﬁAd'CLS to?hma?]y fratg”?etms _for Ia"é';'ef El’lmk} h
is used to make the comparisons presented in this section. ata an show the characteristic nse and fai of the

individual fragment yields as a function of or E; . Both of

these distributions were used in the statistical analyses which

extract the power law and critical scaling behavior. The av-
Owing to the important role of multiplicity in the EOS erage value of the total number of intermediate mass frag-

experiment, we compare the SMM and experimental multiments{IMF) as a function ofm is shown in Fig. 10.

plicities at the outset. This comparison is made as a function The yield of IMF’s increases te-4.4/event am~ 48 and

of E; . See Fig. 6. Since SMM does not include a prompt firstdecreases for largen. This behavior is reproduced by SMM,

A. Fragment yield and multiplicity comparisons
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FIG. 8. Average yield of fragments, f@&=2,3,4 as a function

of m.
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estimated. This difference is a consequence of the above dige |argest fragment in the distributiof,,... SMM gives the
crepancy between data and SMM for Li and Be fragments apest agreement with the data usiag=16 MeV.

largem. Figure 11 shows the average value of the charge of \we have previously13] obtained from the data the iso-
topic temperaturd , [50] on the basis ofH/*H and®He/*He
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FIG. 9. Average yield of fragments, f@&=6,9,12 as a function

of m.
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FIG. 12. Dependence of tHéd/°H to *He/*He(T4epy) isotopic FIG. 13. The caloric curve using the isotopic temperaflie
ratio temperature om. =Tuent- EXperimental results are shown as a function of both the

input energy/nucleon and the total excitation energy/nucleon. The
double isotopic yield ratios. A value df, was also obtained SMM results are for the input excitation energy/nucleon.

from the ®Li/ "Li and *He/*He vyield ratios. Although the two _ _ _
values ofT,, are nearly equal, thE,,.p values were found to isotopic temperatures are plotted versus the expenmentall in-
be more robusf13]. These temperatures are compared withPUt EnergyE; per nucleon. The SMM and EOS curves are in
the SMM values in Fig. 12. Excellent agreement in the mFclose agreement and show a very sharp increase in the tem-
region is observed further confirming the self-consistent naPeratureT over the experimental energy range. Included for
ture of data and the predictions of SMM. comparison is the calorlc. curve prewous!y obtained with the
It should be noted that the determination of freezeout teminclusion of the expansion energy, which shows a much
peratures obtained by the double isotope yield ratios is suloWwer variation off with E*. The determination of a caloric
ject to correction due to formation of these isotopes in secSUrve in the manner proposed in RE§7] has already been
ondary decay. This subject has been investigated by &hown to be problematit58—61. The recent reanalysis by
number of workerg§40,51—58. For theTy,.pr thermometer  the ALADIN group is in close agreement with our d62].
the correction has been reported asl0% below E; It must be noted that experimental caloric curves are ac-
~7 MeV/nucleon[13]. tually inadequate measures of the thermodynamic caloric
curve, which involves the breakup temperature rather than
the isotope ratio temperature. This has been discussed both
by Bondorfet al. [63] and in a recent publication from our
The asymptotic caloric curve, which is a plot of fragmentgroup[17].
isotopic temperatures versus input energy, was first obtained
by Pochodzallat al. for 600A MeV Au+Au collisions[57]. C. Critical exponents and related quantities

It was found that the temperature had the essentially constant , 197
value of ~5 MeV for excitation energies between 3 and 10 1he EOS Collaboration has analyzed the GeV™"Au

MeV per nucleon, a result that was interpreted as evidencgat@ in terms of the theory of critical phenomena, according

for a first-order phase transition. A similar analysis of the!® Which MF is viewed as a continuous phase transition. In
this section we subject the SMM events to this same analysis

EOS data, in which the excitation energy included the expan ) .
sion energy, showed that the temperature increased contin@d compare the results with those obtained from the data.

ously but slowly withE* over the above range, i.e., froré

to ~6 MeV [13]. Having established the presence of non-

thermal expansion, we can redetermine our caloric curve and In order to extract the various critical exponents from the

compare it with SMM. data the location of the critical point, which can be charac-
These SMM and EOS caloric curves are compared in Figterized by the critical multiplicitym., must be determined.

13, where both SMM isotopic temperatures and experimentale have used the method presented in REf2,14), in

B. The caloric curve using isotopic temperatures

1. The critical point multiplicity m, and the exponentr
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FIG. 14. Determination of andm, from data(Ref.[14]). (a) )(,":
values from the power law fit to the fragment mass yield distribu-
tion obtained for differenm. (b) Values ofr as a function on. (c)

Power law fit to data pointn=m,, corresponding to the minimum . . . . .
value of y2. The dashed line is a fit to the open points which MNES the location of the critical point. The power law fit to

excludeA=4 fragments. The black dot results include the-4  the data at this multiplicity is also shown. The valuerdb
fragments. 2.19+0.02. .
The above analysis was also performed for the SMM

which m., the critical exponents, y and o, and the scaling events forZ;=3-16 2and the results are showni in Fig. 15.
function were obtained from the EOS data. We briefly sum-1he dependence of;, and = on m and the quality of the

marize the procedure below. The fragment mass yield distriPoWer law fit atm, are similar to that exhibited by the data.
bution,N, (), wheree= (m,—m)/m,, is normalized to the ~The results are summarized in Table Il and are in excellent
’ f 1 1

mass of the remnanf,.(€). The normalized fragment dis- agreement with the data.
tribution can be written ag64]

FIG. 15. Determination of- and m. from SMM. See Fig. 14
for details.

2. Determination of the exponenir

Oncem, is known, it is possible to determine the value of
o. We have used the percolation procedure where the largest
pieceZ max.Amax IS removed only on the liquid sidé4].
where f(z) is the scaling function and the scaling variable
z=€Af{ . If we assume that scaling is valid for clusters of alll
sizes thenqq is a function of onlyr,

N, (€) = Na (€)/Aren= oA F(2), (@)

TABLE II. Critical exponents from data and SMM, (experi-
mental remnanis

Parameter Data SMM
Qo= 1/{(7—1), (8)

M 22+1 20+ 2
where( is the Riemann zeta function and<2<3 [65,66. T 2.19+0.02 2.17+0.02
At the critical pointf(z)=1 and a pure power law is ob- Y 1.4+0.3 1.02+0.23
tained for the fragment mass vyield distribution. The power o 0-3&0-05; 0.63+0.08

0.54+0.11

law behavior is modified by the scaling function away from
the critical point.

| der to det . d f | #The results differ slightly from those given in R¢L0] because a
n order to determineén, and 7 oneé periorms power law larger data set was used in the present anal{b

fits to nAf(E) versusA; for each value o over a particular bThe first value is obtained by including the largest fragment on the
range of fragments, e.gZ;=3-16. The best fit, as deter- «gas” side of m,. The second value was obtained by adjusting
mined by the minimum value O/ﬁ, gives the value ofn  for the effect of cooling. The experimental value for the scaling
=m,. The results of this analysis for the EOS dpld] are  function in Fig. 18a) was obtained using the second valuesof
shown in Fig. 14. The fitting procedure yields a deep mini-°This result is obtained by including the largest fragment on the
mum in Xﬁ at m=m.=22*1, and thus accurately deter- “gas” side of m,.
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FIG. 16. Determination ofs from SMM. A linear fit of FIG. 17. Unscaled experimental fragment yields fer 2<16.
INn(Mya—mMy) Vs In(A;)) for Z=3-15 fragments givesr=0.63
+0.08.

The unscaled data is shown in Fig. 17. Scal'rr}g(e) ac-

Since the scaling function must have a single maximunfording to Eq.(10) collapses the multifragmentation data
[64], we definez=z,,=const as the value of the scaling from a broad range of fragments ylglds pnto a narrower band
variable where the maximum for this fragment mass occursfor both data and SMM, as shown in Figs. 18 and 19. Both
The previously given relation betweerand o can then be scaling functions show a comparable scatter of the frag-

written for this maximum as ments. By definition, both have a value of unity at the critical
point, and both have a maximum of comparable magnitude
Zmax= €EmaAf = CONSt, (99  for virtually the same value of the scaling variable.

where €ma,=[Me—MpaA) M, with mp(Ar) being the 4. The exponenty and moments of the fragment yield distribution
multiplicity for which the maximum yield of fragments of

massA; is obtained. Equation{7) leads to a power law,
emaxA; 7, from which o can be found.

Applying this analysis to SMM, we first determine the
values ofm,,,(As). Typical results have been shown in Figs.
8 and 9. Figure 16 shows the power law plot,npi,—m.)
versus Ind;), from which we obtainr=0.63+0.08. Apply- M2(6)=EnAf(e)Af (17
ing the same analysis to EOS data, we obtair0.32
+0.05, much smaller than the SMM vall&7]. The analysis
in Sec. V suggests that thevalues in data could be affected

The exponenty has been determined by means of the
v-matching technique as applied to the second moment,
M,(e€), of the fragment yield distributiof10]. The second
moment is defined as

and a similar expression may be used if the fragments are
characterized by their nuclear charge instead of mass. Again,

by the hot fragment cooling process, and that thealue following the percolation theory procedure, we omit the larg-
adjusted for cooling would be=0.54+0.11 (see Table I\. 9 P Y proce ' 9
est fragment from the summation in E@) only on the

Egssv(?;l:ae is used in constructing the scaling function for the“liquid” side of the critical point (m<m,). All fragments

are included on the “gas” sidenf>m,). The exponenty is

obtained from the power lawl,x|e| =7 by searching for

. _various multiplicity regions that yield values ofy,s and

_ Knowing the values ofng, 7, ando for data and SMM, it . that agree with each other. The valuerf is again

is possible to evaluate the scaling function by rewriting Ed.qetermined in the same fit.

(7) as The results for SMM are shown in Fig. 20. The procedure

. has also been described in Rgf2] and the results obtained

f(2)= nAf(e)/qOAf : (10 from an analysis of the EOS data are summarized in Table Il.

3. The scaling function
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The same analysis can be applied to the SMM events and t
results are also summarized in Table Il. The experimental
and calculatedy values are consistent within the limits of

error.
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FIG. 20. Second moment of the SMM generated fragment mass
éeld distribution. The largest fragment has been removed only
rom the “liquid” side (m<m,;). All points are from SMM. The
solid points from SMM have been used to determinérhe solid
curve is the fit of the power laml,=C. |e| 7.

We have also evaluated several other quantities that have
been associated with critical behavi®9,30,68. They in-
clude the fluctuations in the size of the largest fragment and
in M,, the magnitude of the peak in the combination of
momentsy,= M2M0/Mf, and the determination affrom a
plot of In M5 versus InM,. These quantities, too, are in good
agreement with experiment.

The fluctuations of the size of the largest fragment and of
the moments provide an independent method to locate the
critical multiplicity m; of the MF transition. The first mo-
mentM, can also indicate how the nucleons are distributed
into light particles, IMF's and the largest piece in MF. This
distribution can identify the phases present in MF and
whether the coexistence of liquid and gas phases occurs in
MF. (See Sec. V).

V. EFFECTS OF COOLING AND OF THE USE OF A
SINGLE REMNANT

The SMM calculations described in the preceding sec-
tions give results for deexcited secondary fragments formed
from a distribution of remnants. These remnants are grouped
according to multiplicity and we have noted that at a given
there is a distribution of remnant charges, masses, and exci-
tation energies. An ideal statistical analysis of multifragmen-

FIG. 19. The scaling functions for SMM. The intersection of the tation would involve primary fragments formed from the

solid lines marks the critical point.

breakup of a unique remna, 2 as a function of remnant
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FIG. 22. Multiplicity of Z=3,4,5 fragments as a function of
input energy for SMN,; and SMM,,4 in MF of A=160,Z=64.

fragments undergo substantial secondary decay, which ac-

cording to SMM, occurs by evaporation for fragments with
>16. For A<16, secondary decay occurs by Fermi
reakup. These mechanisms tend to form the lightest par-

this ideal situation affect the values of the critical exponentdicles and thereby reduce the yields of fragments vith

and related fragment properties. We introduce the terms

excitation energy or temperature. In this section we us
SMM to examine the extent to which the departures from

SMM;,.; and SMM,,4 to designate results obtained from
SMM for primary fragments and deexcited fragments, re-
spectively.

A. Hot and cold SMM fragment yields

The most direct view of the effect of deexcitation is pro-
vided by a comparison of the SMM and SMM,,,4 fragment
yield distributions. For simplicity, we evaluate these distri-
butions for the decay of a single remnant as a functioB;of
We have chosen the remnant formed in the Au on C interac
tion corresponding to the critical multiplicity in the dat,
=160, Z=64, and evaluated its breakup for a rangeEpf
values. At a givenm the total rms width of the remnant
distribution is~5-7 %. In SMM the averagé/A ratio of the
hot “prefragments” is the same as the remnaiA ratio,
i.e., no particles or energy leaves the remnant system durin
the ~100 fm/c time frame for MF.

The increase in the charged particle multipliaity from
SMM;,o; to SMM_g 4 is shown in Fig. 21. This figure shows
that cooling is important. Typical results for fragments with
Z>3 are shown in Figs. 22 and 23. The fragment multiplici-
ties for SMM,,; and SMM,,4 are in close agreement up to
E;=7 MeV/nucleon. However, at higher excitation energies
the primary fragment yields are significantly larger than
those of the corresponding cold fragments. At these Eigh
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w 10 e 10 e TABLE lIl. Critical exponents from SMNV; and SMM,qq.
g F OOOOC g F
$ [ H2 12 fH3 _ i
2 A OoooooOO lo [ o Experimental remnant Single remnant
8 1L O 18 1L distribution A=160,Z=64
'g PP o'"g 3 0
= ro ..00‘“ 15 0 Parameter SMMqq SMMj gt SMMcoig SMMpt
Z o o* 1% r © o0
10 = o 4 10 ko v Me 12+2 52 12+2 5x2
o ] : o T 2.17+0.02 2.05-0.02 2.070.01 2.03-0.01
2 .| L 03 Io ,,I° L y 1.02+0.23 0.9%*+0.20 1.16:0.20 0.9%0.15
0 55" 6 %100 07246 3 10 a 0.62£0.08 1.04:0.11 0.69-0.02 1.08-0.07
E, (MeV/nucleon) E, (MeV/nucleon)
s "'|"'|"‘("'|"‘OEIO L B I I S
e 1 3 He-3 OOOO—§ o r HeM Figs. 8 and 9, the yields_of the lighter fragments peak at large
2 F ° R g values ofm, corresponding tds; values of 7 MeV/nucleon
2 L OOOO 18 1ro = and higher. It is precisely at these energies that secondary
€L © 0o E ro oot decay reduces the yield of these fragments and thereby leads
510 o Ulaad = . **
ZE o e .. ® to a smallero.
Lo ,' ] T e hd . In a recent publication Mastinet al. [45] used the
2 Gooe | I . il Copenhagen model to examine the effect of secondary frag-
10 ¢ | *r T = ment decay in the MF of®’Au. In particular, they compared
0 s T 00 02 s 3 0 the shape of the second momet;, of the fragment charge
E, (MeV/nucleon) E, (MeV/nucleon) distribution for SMM,,; and SMM,,q They found that the

shape of theM, distribution in the vicinity of its peak is
FIG. 24. Multiplicity of Z=1 and 2 particles as a function of unaffected by secondary decay when plotted agakfst
input energy for SMN),, (solid circles and SMM,,4 (open circles ~ Whereas there is a change in shape wihp is plotted
in MF of A=160, Z=64. Note that most of these particles are againstm.
produced in the cooling process. On this basis they concluded that secondary decay affects
the values of exponents such @swhich is obtained from
=3. We emphasize the fact that the net effect of these sedV,, when charged particle multiplicity is used as the control
ondary processes on the fragment distributions is rathegparameter. Unfortunately, they did not calculate the magni-
small below 7 MeV/nucleon, the energy range where most ofude of this effect. We have already evaluated the effecf on
the MF occurs. The critical point corresponds to a muchof secondary decay and, as shown in Table IlI find that it is a
lower excitation energy,E;~4.3 MeV/nucleon[13], and relatively small 10% correction. We note in passing that the
therefore quantities determined at these low energies should » plot shown by Mastiniet al. [45] is not appropriate for
be nearly unaffected. the extraction ofy because the largest fragment has been
Figure 24 shows the results f@=1 andZ=2 particles. ~removed fromboth the liquid and gas sides instead of only
Contrary to the results shown in Figs. 22 and 23, most oPn the liquid side, as was done in Fig. 20. Furthermore, they
these particles are formed in the cooling step. Averaging ovedid not turn off the fission channel in their SMM calculation
the excitation energy range important for MF, 3—7 MeV/and the contribution of this mechanism disproportionately
nucleon, we find that the lightest hot fragments have a highe#ffects the analysis.
internal energy per nucleon than the heavier hot fragments,
~4 MeV/nucleon versus-3 MeV/nucleon. Consequently C. Critical exponents from the multifragmentation of a single
the main source of these particles is the Fermi breakup of the remnant for SMM ;.

lighter fragments. The analysis described in Sec. IVC is applied to the

_ N breakup of a single remnant, using timput energyas the
B. Effect of cooling on Cl’ltlf:f’i| exponents and related control parameter. We use the critical remndént 160, Z
quantities =64 as the system size for SMM. Figure 25 shows the
The analysis described in Sec. IV C has been applied t&MM,, results for the determination of the critical point by
the products of SMI,, using the experimental remnants asmeans of the one-parameter power law fit to the fragment
input. The resulting values of the various exponents are tabumass yield distribution.
lated in Table Ill. The calculated value ofor hot fragments Again, there is a deep minimum jg¢ which determines
is ~6% smaller than that for cold fragments while thatyof the location of the critical point. This should be compared
is ~11% smaller. In contrast, the determination of the expowith the same results for SMMq using the experimental
nento differs significantly for the two distributions, with the remnant distribution anan as the control parametdFig.
SMM,, value being~40% larger than that from SM}q. 15).
The large difference i values is understandable given that  The value ofr obtained from the fit in Fig. 25 is given in
o is determined in part by the multiplicities for which the Table Ill. Also included are the values of the other expo-
various fragments attain their highest yields. As shown iments. A comparison with the corresponding exponents ob-

054602-13



R. P. SCHARENBERGet al.

Ny T eT T T _S_._’)26 T
N Y IS 25F e
10 7% \.(a) 37 24L E
F ‘{o 592'35 (b) 3
2 s ] < F ]
0 ’/ 22F o/
- - 1 21F E
L N F . E
10 ¥ S 2 ee— ]
i * 19F 3 -
1 DT [ S B I £
>
0 %i (MéV/nugleon)8 0 ﬁi (MgV/nugleon)8 2
2 @
0 <
qﬁ F g
Z
230
10 F
4
10 F
b )

10

FIG. 25. Determination ofr and E; in the MF of A=160, Z
=64 for SMM,, The panels have the same meaning as in Fig. 14
except that; replacean as the control parameter.

PHYSICAL REVIEW C 64 054602

10 =

® A=5 ]
0 A= i
A=10 q
A=15
A=20
A=30

" O D»

r W ;

&
t

10

i

|||||||‘.pq)|||u||

10

+

10

'
TG

:al ot

A0

T R I N

By

¢

00—

Lt
-

PRI B

-8

ot
=)

-6

L L
-4 -2 0 2

E_-E; (MeV/nucleon)

FIG. 26. Unscaled yield of fragments/event from SiyjMor
tained for SMM,y 4 for the experimental remnant distribution A=5-30 as a function of.—E; .

indicates that the difference in and y values is less than

10%. Thus the combined effect of secondary decay, the rensignificance. It is therefore important to determine if SMM

nant distribution for a givem, and the use of multiplicity as predicts such a thermal phase transition.
the control parameter have only a minor effect on the values We follow the approach of Grod$9] and Hiler [70],

of the 7 and y exponents. However, the exponemtfor
SMM,,; is much larger than the corresponding value of
SMM_, 4 just as was the case for the experimental remnant®
distribution. Again, this difference reflects the effect of cool-
ing. We note here that the use of a single remnant and exci
tation energy as the control parameter, which is most readily
seen in a comparison of the two SM}columns, has essen-
tially no effect on the critical exponents.

Figure 26 shows the unscaled SMfragments forA
=5 to 30 for the single remnant system. Figure 27 shows the
scaling function obtained from these data and the resulting
scaling collapse of the data into a very narrow band. This
scaling function should be compared with the scaling func-
tion from SMM,, 4 (Fig. 19. The more extensive scatter in
Fig. 19 can be attributed in comparable measure to the ef
fects of fragment cooling and to the presence of the remnan
distribution, using multiplicity as the control parameter. This
indicates that the scatter seen in the experimental data at th
ends of the scaling curves, Fig. 18, may also be due to thes
effects.

n,(e)/q,A;

f(z)

VI. NATURE OF THE PHASE TRANSITION IN SMM

We have shown that SMM can reproduce the various fea-
tures of the EOS data, including the values of most of the
critical exponents, critical multiplicity, and critical scaling. If
SMM did not predict the occurrence of a continuous phase
transition then the exponents would merely constitute a par-

who show that the nature of the transition can be determined
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ticular parametrization of the data and would have no ulterioof A=160,Z=64.
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tive latent heat. FoA=100 we obtain a transition energy of
FIG. 28. Dependence @, on the input energy foA=70, 100 3.2 MeV/nucleon as given by the width of the backbend
and 130. The lines are drawn for equal area and show the “Maxwelfegion. Figure 29 shows that the system specific heaffor
construction.” =100 is negative indicating the possibility of a first order
phase transition. We have computed the effect of the variable

by means of the microcanonical equation of state, using &olume on the system specific heat and found that it is a very
plot of the reciprocal partition temperatugg=1/T, versus  small fraction of the total. The translational energy contribu-
Ei. We assumd, is the best estimate of the average valuetion is also very small. Thu€,, describes the change in the
of the fluctuating event-by-event SMM microcanonical tem-internal energy of the MF system. The transition energy
perature. A first order transition is identified by backbendingplays the role of an effective latent heat for MF. SV
in the 8, vs E; curve and hence has a region of negativeindicates that the effective latent heat is reduced for heavier
system specific heaCn=—B,23/(d,8p/dEi). A continuous remnants. For thé=70, 100, and 130 systems, there is a
phase transition will not exhibit backbending and will have aprogressive decrease in the transition energy as shown in Fig.
positive system specific heat that peaks at the critical energ0. A linear extrapolation suggests that the transition energy
Recall that for infinite neutral nuclear matter a critical as an effective latent heat could vanish for-170. We can
phase transition is expected at a temperatui&—18 MeV  gain further insight about these transitions by studying the
[46]. At lower temperatures, infinite neutral nuclear matterdistributions of light particles and fragments prior to the de-
would exhibit a first order liquid-gas phase transition with excitation or cooling process. Fér=100 the first moment
possible coexistence of constant density phases. SMM, howsf the hot mass distribution as a function of the input energy
ever, describes the transition of a highly excitédite is shown in Fig. 31. FoE;=8 MeV/nucleon only~5 out of
chargednuclear drop into a number of hot intermediate massl00 nucleons are not part of the>4 droplet distribution.
fragments followed by a deexcitation process. The cold stat&hus hot SMM describes a transition where a large droplet is
liquid and gas consists of smaller droplets and nucleonshultifragmented into smaller droplets. The subsequent deex-
emitted in the cooling process. In the hot stage, the so-calleditation processes are responsible for most of the light par-
prefragments are produced in thermodynamic equilibriunticles with A<5 seen in the asymptotic mass distributions.
where the volume, surface, Coulomb, symmetry and transla- In this SMM model backbending can be a relatively large
tional terms determine the fragment yiel®2]. effect. The extra surface energy required for the MF transi-
To investigate the interplay of these energy terms weion cools the system and the temperature falls. For a larger
study SMM,,; as a function of the remnant mass and chargesystem the fractional change in the surface to volume ratio
[71]. Figure 28 showsB, versusE; curves forA=70,Z  due to MF is reduced and the backbending is smaller. In
=30; A=100,Z=40; andA=130,Z=53. A characteristic SMM the total Coulomb energy is reduced by the factor 1
backbending is observed for these systems. Following the-1/(1+ «)*~0.3 due to expansion prior to clusterization.
microcanonical prescription, we make the “Maxwell con- Since the total energy is measured with respect to the ground
struction”[69], which determines the average transition tem-state of the remnant systefy Z at normal density, this in-
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troduces & dependence into thg, versusk; equation of
state.

Figure 3@b) shows the average transition temperature,
which decreases as the remnant mass and charge increases.
This decrease clearly reflects the increase in Coulomb energy
for the heavier remnants/2]. In contrast, for a liquid-gas
phase transition ifinite neutral mattemwe would expect the
transition temperature to increase with the system size, be-
cause the binding energy per nucleon increases. For a larger
charged nuclear remnant, the transition energy will vanish if
enough Coulomb energy is converted to heat energy in the
expansion of the remnant prior to the MF transition.

For the remnant mas&=160 the reciprocal partition
temperatureB, is plotted versusE; in Fig. 32a) and the
fluctuating event-by-event reciprocal microcanonical tem-
peraturess,, are shown in Fig. 3®). The area under thg,
vs E; curve is the system entropy. In Fig. (@8 we expand
the B, vs E; plot. The system specific heat per particle is
computed by taking differences between adjacent poGys.
is shown in Fig. 3%). The specific heat is positive and
peaks near the critical energy, indicating a continuous phase
transition. Hiler characterizes such behavior as a continuous
phase transition with an anomalous specific H&at.

A method to determine the order of the phase transition
based on canonical kinetic energy fluctuations has recently
been proposefi73—-75. To test the conclusions based on the
SMM,,; microcanonical equation of state, we have done this
type of analysis on the Au on C data. For a single remnant
system sizeA, Z this analysis compares the canonical spe-
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Following the prescription used on the 35 MeV/nucleon
Au on Au data we find that the energy fluctuations from the k|G, 34. (a) First moment of the mass distribution from
Au on C data are dramatically reduced whenA&/A  SMM,, for the experimental remnant distributioth) First mo-
=<0.03 remnant mass cut is made, which assures that W@ent of the mass distribution from SMi\ The cooling mecha-
have a single system size, the necessary constraint for thrésm is nucleon and<4 composite particle emission.

fluctuation analysis. Thus for the Au on C data, we find that .
C,>(E2—(E)?)/T? in the whole MF region. The value of above the MF transition, only about 8% of the remnant mass

. . . H 1 H < O .
C, still remains positive even for a larger remnant mass cutfands up in particles with=4 and that the other 92% are in

e.g.,AA/A~10%. This result argues for a continuous phas%?]termed_lage mas? tfrzagmen:s Vt\”gh>4'.tTT.'S f_;l(;gueds agalnr:];t
transition. A report of this work is in preparation. € coexistence ot the constant densily liquid and gas phases

Very recently(since the submission of the present arficle in SMM. For the experimental remnant distribution, we com-

: - the first momen,, for SMMy,; Fig. 34b) with M
theoretical analyses of the nature of MF phase transition an are 1 hot . L
its effect on the caloric curve have been publisfied,77,  '©f SMMcoig @s shown in Fig. 3&). The cooling of the hot

indicating the occurrence of a first order phase transition/adments which carry the multiragmentation signal pro-

Both of these calculations neglect the Coulomb interactionfjuces a large number of final state nucleons and light com-

which has been shown to play an important role in [g]. posites in agreement with the data. The IMF's survive the

It is obvious that there will be a first order phase transition inc°°/ng process and identify the MF transition. This is due in
the absence of Coulomb energy. part to the low~4.3 MeV/nucleon critical energy for MF.

It has been suggested on the basis of a caloric curve usir@orkanA:m’. Z=30 re”.‘”a”t’ the pre<|jicted centerh ththe
the SMM partition temperature versus an experimentally dePackbend region energy s7.5 MeV/nucleon. Here, the hot
termined input energy, that MF of gold is a first order liquid- fragments will have to emit a significantly higher fraction of

e ; . their fragment mass in the cooling process and the MF signal
as phase transitidb7]. This curve, computed for compari-
gasp 7] P P could be severely attenuated. Thus the Coulomb energy,

son with the ALADIN data showed that the temperature first hich | he ME threshold and red he effecti
increases with excitation energy, then remains nearly conIW Ic howerslt € t rels OI 'anMée HUCES:] €e ec;qve
stant at 5-6 MeV ag; increases between 3 and 10 MeV/ atent heat, plays a central role in MF-. Here the vanishing

lransition energy reflects the changes in the surface, volume,

nucleon, and then again increases. The first regime has be d Coulomb ) iated with MF rather th h
interpreted as the liquid phase, i.e., the compound nucleug@nd Coulomb energies associated wit rather than the

the second as the MF coexistence phase, and the third as t ’gditional latent heat in a liquid-gas phase transition, which

gas phase, consisting of a mixture of nuc’Ieons and a few dffimarily involves the transfer of individual nucleons from

the lightest fragmentg63]. This viewpoint can be probed by t_e liquid to the gas, where both phases are at constant den-

examining the first moment of theot fragmentyield distri- ~ S'¥Y Pliquid @d Pgas.

bution for a heavy remnant. Figure (8} shows a plot of the

dependence of; of the first moment of the hot fragment VIl SUMMARY AND CONCLUSIONS

yield distribution for the experimental remnant distribution. ~ We have compared the EOS multifragmentation results
The figure shows that even f&;~8 MeV/nucleon, well  for 1A GeV Au on C with the SMM model, where the vol-
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ume parametrization is determined by experiment. We havsingle average remnant. The results are virtually unchanged
found that the standard SMM parameters produced excellemtdicating that the mixing of different remnants in the experi-
agreement. The input to SMM consisted of #eA, andE;  mental data does not affect the results. We have used both
of the individual remnants produced in some 32000 fullymultiplicity and excitation energy as the control parameter in
reconstructed events. Thus, in contrast to earlier experimentfe determination of critical exponents and related quantities
which have been compared with SMM, theZ,E; event-by-  and find no difference.
event input data were obtained from experiment rather than The nature of the phase transition predicted by SMM has
by using SMM to constrain average input conditions, or byheen examined using the microcanonical equation of state.
the use of a theoretical first stage transport model. For lighter remnants we find evidence of backbending in the
We find that SMM is in very good agreement with the caloric curve and a negative system specific heat, which are
observed fragment charge yield distribution, fragment multithe signatures of a first-order phase transition. We estimate
plicity distributions, total charged particle multiplicity, iso- the transition energy by means of a Maxwell construction.
tope ratio temperatures and caloric curve. This agreement ifhe transition energy decreases with increasing remnant
obtained when the expansion energy is subtracted from thgass and charge and may extrapolate to zero just ahove
experimentally determined excitation energy of the remnant= 160, which might suggest a continuous phase transition in
The agreement prOVideS further confirmation that mUItifrag'the breakup of this remnant. Here the positive system spe-
mentation can be described as an equilibrium process.  cific heat peaks at the sarfig value for which both data and
SMM also predicts a power law for the fragment masssym fragment mass yield distributions obey a power law.
yield distribution at essentially the same multiplicity or ex- For hoth the first order and continuous phase transition cases,
citation energy as is observed in the data. Other featuregp, , indicates that the multifragmentation final state con-
characteristic of a continuous phase transition, such as thgsis of droplets withA>4 and that particles having<4
scaling function, are also reproduced. The critical exponentgecount for only~8% of the mass in the MF region.
7, 7, and o were obtained from SMM for comparison with  The SMM results agree with the theoretical expectations
the experimental values. The agreement is excellentrfor o, 5 small(~150 constituentsisolated systeni33,69,78.
which is baged_ on results obtained jus_t at the critical pointThe most probable equilibrium state of a highly excited
fair for ywhich is based on results obtained above and belowma]| isolated system with short range interactions is an in-
the critical point, and poor foo, which is based on results pomogeneous state. The addition of the long range Coulomb
well above the critical point. _ force lowers the MF transition temperature significantly for
The effect of cooling of the primary hot fragments pro- heavier remnants and can influence the order of the thermal
duced by SMM has been evaluated. The primary hot fragphase transition. Both the microcanonical equation of state
ment yield distributions forZ=3 are only minimally af-  ang thermally scaled kinetic energy fluctuation arguments

fected by the cooling process belol =7 MeV/nucleon.  fayor a continuous phase transition.
The SMM o values are substantially affected by cooling,

while 7andy are unaffected by cooling. The scaling function
obtained for SMM, is fully collapsed into a very narrow
band. In contrast to fragments wi#t= 3, the yield of par-
ticles withZ<?2 is substantially increased by cooling, prima-  We thank Dr. A. S. Botvina for giving us the SMM code
rily as a result of the Fermi breakup of light fragments. and for valuable discussions concerning its use. This work

We have also performed SMM calculations in which thewas supported by the U.S. Department of Energy under Con-
experimental remnant distribution has been replaced by #ract Nos. DE-FG02-88, ER 40412C.
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